Bone marrow-derived cells (BMCs) have been implicated as a modifiers of vascular growth either directly by transdifferentiation into endothelial cells (ECs) or indirectly through growth factor release. To examine these possibilities under physiological conditions, we developed a model of hypoxia-mediated angiogenesis in the mouse spinotrapezius muscle. This allows whole-mount analysis; therefore, the morphology and location of BMCs within the vascular network may be observed along with differentiation markers. We exposed bone marrow transplant chimeric mice to hypoxia and treated a subset with granulocyte macrophage colony-stimulating factor. Exposure to hypoxia caused an 13% increase in capillary density relative to control. Hypoxia did not increase the overall number of muscle-resident BMCs, but did increase the number of rounded BMCs by 25%. There was no discernable BMC contribution to the endothelium, although some BMCs assumed a pericyte morphology around capillaries. Granulocyte macrophage colony-stimulating factor treatment further increased the number of round BMCs within the muscle and caused a 23% increase in angiogenesis. The results of this study suggest a potentially beneficial action of BMCs during hypoxia through paracrine release of growth factors but not transdifferentiation into ECs. (Circ Res. 2005;97:1027-1035.) 
T here has been intense recent interest in potential therapeutic use of bone marrow-derived cells (BMCs) for augmentation of angiogenic and regenerative responses during treatment of myocardial and peripheral ischemic disease. 1 Despite evidence from human clinical trials that these therapies may have some efficacy, there is no consensus concerning how much of this effect may be attributable to BMCs giving rise to vascular cells, particularly endothelium. The reports that have shown positive investment of bone marrow cells into neovasculature have essentially all used experimental models featuring hypoxia, generally coincident with ischemia, including tumor angiogenesis, arterial ligation, and wound healing. 2, 3 A major component of ischemia is hypoxia, reduced tissue oxygen partial pressure. Three tissue zones typically arise during ischemia: a zone of normal blood flow; a vulnerable border zone with adequate but reduced blood flow; and a zone of insufficient flow at risk for necrosis. Growth of the capillary network, angiogenesis, has been shown to occur during ischemia, particularly in the border zone, 4 attributed partially to growth factors, such as vascular endothelial growth factor (VEGF), secreted within that hypoxic region of tissue. Global hypoxia profoundly remodels pulmonary and cerebral vasculature. 5 Whereas there are a number of conflicting reports regarding the effect of systemic hypoxia on skeletal muscle capillarity, 6, 7 previous studies by our laboratory provided clear evidence of an increase in arteriolar arcade loops after hypoxia exposure in rats. 8 However, it remains to be determined whether this represents a general response in multiple species, and, as yet, no studies have investigated the role of BMCs in this response.
Although systemic hypoxia may occur naturally as a physiologic condition (eg, at high altitude) or under pathologic conditions (eg, pulmonary disease), it may also be used to understand other, more local, disease states. In particular, hypoxia may be of interest as a representation of a component or precursor of ischemia. Data from both in vitro and in vivo systems have implicated hypoxia as a critical factor in the recruitment of BMCs and differentiation into endothelial cells (ECs). 9 During hypoxia an area of tissue with insufficient oxygen supply exists, but vessels remain patent and vascular modifications do not need to be immediate to salvage the tissue. Systemic hypoxia models the border zone throughout the muscle. In contrast, an infarct model, such as femoral artery ligation, creates an inflammatory infiltrate and a heterogenous tissue with regions of differing blood flow, making any beneficial action of BMCs harder to discern. It also blocks the vessels that BMCs would most likely use to reach the tissue. Thus, we hypothesized that systemic hypoxia would provide an ideal model to study the role of BMCs during angiogenesis.
A consensus exists that BMCs accumulate in areas of ischemia and inflammatory angiogenesis, but several distinct modes of action have been proposed. Asahara et al and others originally suggested transdifferentiation of BMCs into new ECs that integrated into the forming neovasculature. 10, 11 More recent studies, such as that by Ziegelhoeffer et al, have refuted that hypothesis, speculating that indirect angiogenic growth factor delivery by BMCs to growing vessels is responsible for beneficial effects. 12 Although part of this disagreement can be attributed to use of differing angiogenic stimuli, some conflicting studies have used the same model. For example, bone marrowderived ECs within tumors or ischemic tissue have been described as frequent, rare, or nonexistent. 3, 12, 13 In summary, there exists no consensus on the endothelial potential of BMCs or whether such contribution occurs outside of extreme situations. We sought to address the issue of whether a fundamental stimulus of physiological magnitude was capable of recruiting or mobilizing bone marrow-derived vascular cells.
Whole-mount tissue analysis has been useful in studying vascular changes, 14 but such techniques have not generally been used in combination with adult transgenic mice. The major advantages of whole-mount preparations are as follows: retention of the entire microvascular network architecture in 3 dimensions; characterization of individual cells by shape and spatial orientation; and superior colocalization with multiple fluorescent antibody labels. We describe here a novel model system that permits the first whole-mount analysis of BMCs within a complete, native vascular bed using the spinotrapezius muscle, a back stabilizer. We found clear evidence for increased capillary length density after 3 weeks of hypoxia (10% oxygen) and examined the changes occurring during hypoxia-mediated angiogenesis. In hypoxia-mediated angiogenesis, BMCs do not contribute structurally to newly forming capillaries, although many were aligned with and in close proximity to capillary vessels. Granulocyte macrophage colony-stimulating factor (GM-CSF) mobilization of BMCs was associated with increased angiogenesis. These results suggest that hypoxia is not a sufficient stimulus to induce BMC differentiation into ECs and that any beneficial effect of these cells is indirect rather than via direct structural incorporation into the capillary network.
Materials and Methods
An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org.
Animal Model of Hypoxic Angiogenesis
The following animal procedures were approved by the Animal Care and Use Committee of the University of Virginia. Hypoxia exposure was performed as described previously. 8 Briefly, mice with access to food and water ad libitum were kept in standard caging in an environment of 10% O 2 and 90% N 2 , whereas CO 2 and humidity were maintained at normal levels (nϭ12).
Generation of Bone Marrow Chimeric Mice
Wild-type (C57BL/6J) mice 6 to 8 weeks of age were lethally irradiated (12 Gy) (nϭ12). On the same day, these mice were injected with 2ϫ10 6 bone marrow cells harvested from the femurs and tibias of mice expressing enhanced green fluorescent protein (EGFP) ubiquitously (C57BL/6-Tg[ACTB-EGFP]1Osb; Jackson Laboratory, Bar Harbor, Me), with the exception of erythrocytes and hair. A minimum of 8 weeks was allowed for bone marrow reconstitution, which was confirmed by flow cytometry analysis of the blood and spleen. Mice expressing LacZ ubiquitously (B6.129S7-Gt[ROSA]26Sor/J, Jackson Laboratory) were also used as bone marrow donors in preliminary experiments. For Tie-2 GFP bone marrow chimeras, Tie-2 GFP mice (FVB/N-TgN[TIE2GFP]287Sato; Jackson Laboratory) were used as donors and wild-type FVB/NJ mice were used as recipients, as this transgene was not available on a C57BL/6J background strain (nϭ8).
Whole-Mount Histological Examination of Spinotrapezius Muscle
Muscles were analyzed in a modified version of a procedure used previously by our laboratory. 8, 14 Perfused muscles were removed, then fixed and stained. Length density of capillaries (total capillary length/area of muscle) was calculated by comparing 4 consecutive 1-mm 2 fields of view from the same region of each muscle.
GM-CSF Treatment
Mice were treated with IP injections of recombinant mouse GM-CSF (0.5 g/d, Pharmingen), a dose shown to be effective in vivo, 15 for 10 days starting 3 days before hypoxia (nϭ7). Control mice received vehicle alone (NaCl, 0.9%) (nϭ8).
Statistical Analysis
Significance was determined using Student t tests.
Results

Systemic Hypoxia Induced an Angiogenic Response Within the Mouse Spinotrapezius Muscle In Vivo
Age-matched C57BL/6J mice were maintained in an hypoxic environment for 21 days, a duration shown to be more than sufficient to induce vascular changes in rats, 8, 16 at which time both spinotrapezius muscles were removed and analyzed. The capillary bed was labeled using Bandeiraea simplicifolia (BSI) lectin and imaged using laser confocal microscopy. Angiogenesis was quantified by determining the capillary length density within whole-mounted muscles. Because of the essentially 2D nature of the very thin spinotrapezius, the fluorescently labeled capillary network was visible throughout the entire thickness of the muscle ( Figure 1A ). Capillary length density was measured within sequential 1-mm 2 fields of view and found to be increased 13% after 21 days of hypoxia exposure (PϽ0.01; Figure 1 ). A comparison of Figure 1A and 1B shows a qualitative increase in capillary length density in hypoxic compared with normoxic spinotrapezius beds. Given the recent interest in the potential role of bone marrow cells during vessel growth, we applied this model to examine BMCs during moderate angiogenesis.
BMC Density Within Muscle Tissue Was Unchanged After Hypoxia-Mediated Angiogenesis
To identify BMCs within the muscle, bone marrow transplant chimeric mice were created by injecting bone marrow from mice ubiquitously expressing a marker gene into irradiated wild type mice. Transplanting bone marrow from a mouse transgenic for GFP (C57BL/6-Tg[ACTB-EGFP]1Osb) demonstrated a much higher sensitivity for BMC detection than ␤-galactosidase (B6.129S7-Gt[ROSA]26Sor/J) (Figure 2A and 2B) . The differences in transgenic constructs suggest that the difference may be attributable to unequal expression levels of the marker gene or sensitivity of the indicator assay. To quantitate the degree of reconstitution within solid organs other than muscle, spleens from representative mice were homogenized and analyzed by flow cytometry ( Figure 2C and 2D). Both CD11b ϩ and CD45 ϩ cells demonstrated 80% to 90% expression of the GFP gene, indicating good reconstitution both within subsets of leukocytes and the leukocyte compartment as a whole. The entire vasculature was perfused to remove any cells within the capillary lumen, then fixed, labeled, and imaged. A significant number of GFP ϩ cells were detectable throughout the muscle tissue, without any stimulus ( Figure 2B ). Chimeric mice were then exposed to hypoxia and the muscles of these mice were imaged and analyzed.
Hypoxia Induced an Increase in BMC Density in Proximity to Capillaries
The magnitude of angiogenesis was unchanged between wild-type and transplanted mice, similar to the results seen in other studies. 12 Nearly all muscle resident BMCs fell clearly into 1 of 2 morphological categories: rounded or elongated (Figures 3 and 4) . Elongated BMCs were defined as having a length:width ratio of greater than 2:1. Round BMCs predominantly expressed CD45 and CD11b, whereas these markers were less prevalent on elongated BMCs ( Figure 4E and 4F). Elongated BMCs were half as prevalent within the capillary bed as round BMCs ( Figure 3C ), but 3 times more likely to be perivascular under normal conditions (35% compared with 11%, Figure 5 ), defined as being within 5 m of and aligned parallel to a capillary.
Given the previous reports of BMC accumulation in areas of growing tumor vasculature 17 or arteriolar enlargement, 12 we hypothesized that a similar accumulation might be evident after hypoxia-mediated angiogenesis. Sequential fields of view were analyzed and Ͼ8000 BMCs (nϭ12) were analyzed based on shape and location. Overall, BMC density and the density of elongated BMCs within the muscle tissue were unchanged, whereas the density of round BMCs was increased by 25% ( Figure 3C ). When the position of BMCs relative to capillaries was considered, round BMCs were much more likely to be found in a perivascular position in hypoxia-exposed animals as compared with muscles of control mice (from 11% to 18%, PϽ0.01; Figure 5 ). Conversely, the proximity of elongated BMCs to capillaries was unchanged after hypoxia-mediated angiogenesis.
Hypoxia Did Not Induce BMC Transdifferentiation Into Capillary Endothelial Cells or Smooth Muscle Cells
Previously published reports have suggested that BMCs may differentiate into ECs if angiogenesis is induced in bone marrow transplant chimeric mice. 13, 18 Many of these experimental models, such as wound healing and ischemia, include a hypoxic component. 3, 19 Hypoxia has also been shown to induce BMC differentiation toward an endothelial phenotype in vitro 20 and has been speculated to be the critical factor in the formation of bone marrow-derived endothelium. 21 Given the large number of BMCs residing within the spinotrapezius muscle tissue, we speculated that our model might also demonstrate the presence of bone marrow-derived ECs.
More than 1000 fields of view were scrutinized by confocal microscopy for BMCs that had integrated into the capillary network or expressed endothelial markers. Many cells had assumed a potentially endothelial morphology, including some contiguous to the vasculature. In general, these BMCs were nonoverlapping, suggestive of pericytic rather than endothelial differentiation (Figure 4 ). In rare instances, BMCs were distinctly wrapped around a capillary but clearly distinct from the endothelial layer ( Figure 4D ). More than 10 000 capillary segments were examined, and only 3 were identified where BMCs appeared to have potentially integrated into the vascular wall. Optical slicing confocal microscopy was then used to determine whether the BMCs were trapped within vessels. In each of these cases, the GFP signal was located within the capillary lumen and distinct from the endothelium ( Figure 6A and 6B) .
To confirm our findings, further confocal microscopic studies were conducted labeling capillaries with antibodies against additional endothelial markers CD31 and Tie-2 ( Figure 6C and 6D). As in the previous studies, there was a total absence of GFP ϩ cells that coexpressed endothelial surface markers. Studies with chimeric mice that had been allowed to recover for more than 6 months after transplant showed a similar lack of bone marrow-derived ECs, indicating that reconstitution was not a significant factor. Tie-2 LacZ mice have been used as bone marrow donors to distinguish bone marrow-derived ECs from infiltrating leukocytes. 22 Because of our improved visualization of GFP compared with LacZ as a BMC marker, we used Tie-2 GFP as a bone marrow donor. Whereas the entire capillary network was GFP ϩ in donor mice ( Figure 6E ), no GFP ϩ cells could be detected in wild-type mice receiving Tie-2 GFP bone marrow ( Figure 6F ), independent of hypoxia exposure. We, therefore, conclude that none of the ECs formed during hypox- ia-mediated angiogenesis derive from the bone marrow, despite numerous neighboring BMCs.
We additionally colabeled muscles from GFP bone marrow chimeras with an antibody for ␣-smooth muscle actin (␣-SMA). Whereas BMCs could be seen in apposition to arterioles and venules as well as capillaries ( Figure 6G and 6H), they did not express ␣-SMA and did not assume a morphology consistent with smooth muscle cells. Despite a perivascular location, elongated BMCs do not differentiate into smooth muscle cells or ␣-SMA ϩ pericytes in our model.
BMC Mobilization Increased Muscle Resident BMCs and Hypoxia-Mediated Angiogenesis
GM-CSF has been shown to increase numbers of circulating 15 or engrafting 23 BMCs with endothelial potential. To rule out a lack of progenitor cell mobilization as a responsible factor for the absence of bone marrow-derived ECs, GFP bone marrow transplant chimeric mice were treated with GM-CSF for 10 days, concurrent with the initiation of hypoxia exposure. GM-CSF administration was associated with a 27% increase in the number of muscle-resident BMCs within the vascular bed ( Figure 7C ), as well as nearly doubling the increase in capillary length density (23% compared with 13%; Figure 7E ). However, no bone marrow-derived ECs were detected. We conclude from these results that the lack of BMC differentiation into endothelium during hypoxia is not a result of insufficient mobilization. Angiogenesis within skeletal muscle during moderate hypoxia does not appear to be sufficient for generation of ECs derived from bone marrow, although it is possible these cells play an important paracrine role in the angiogenic response.
BMC Expression of Growth Factors and Matrix Metalloproteinases
To identify potential candidates that regulate BMC influence on hypoxia-mediated angiogenesis, we stained with antibod- ies for VEGF and matrix metalloproteinase 9 (MMP-9), 2 BMC-derived factors shown to be capable of influencing vascular growth by disparate mechanisms and potentially involved in a paracrine effect on angiogenesis during hypoxia. 24, 25 Although high autofluorescence made detailed quantification impossible, a higher number of BMCs, both elongated and round, were positive for VEGF after hypoxia exposure (Figure 8 ). In addition, more BMCs were found to be expressing MMP-9 after hypoxia exposure, although in this case, staining was almost exclusively restricted to round BMCs. Although this does not prove that hypoxia-mediated angiogenesis is dependent on BMC release of either factor, this further suggests a role for BMCs in angiogenesis of physiologic magnitude.
Discussion
In this article, we describe for the first time a model of hypoxia-induced angiogenesis within mouse skeletal muscle. After 21 days of hypoxia exposure, we found a 13% increase in spinotrapezius capillary length density. This result was consistent with previous hypoxia studies of Smith and Marshall in the rat spinotrapezius 16 and of Deveci et al in the rat diaphragm, 7 a muscle similar in composition to the spinotrapezius. However, of major significance, despite examining more than 10 000 capillary segments and 8000 BMCs that invested within the vascular bed, we found no compelling evidence that any of these cells transdifferentiated into ECs. We did observe 3 of 8000 BMCs where there may have been coincident expression of EGFP and the endothelial marker BSI lectin. Confocal microscopy, however, demonstrated that these were circulating cells trapped within capillaries rather than integrated into the capillary wall. This interpretation is supported by a complete lack of GFP ϩ cells detected when Tie-2 GFP mice were used as bone marrow donors rather than CX1 GFP mice. Although it is possible that the lack of bone marrow-derived ECs seen in this model could be attributable to a negative effect of hypoxia on the bone marrow, our observation of increased BMCs within the muscle suggest this is not responsible for negative findings. Taken together, our results provide compelling evidence that BMC transdifferentiation does not play a significant role in the angiogenic response to systemic hypoxia.
The present results are in marked contrast to those of Aicher et al 3 and Asahara et al, 13 who reported that BMCs were a source of ECs in skeletal muscle. Our results are consistent with those of a recent report by Ziegelhoeffer et al, who found no evidence of transdifferentiation of BMCs into ECs within a femoral artery ligation model of ischemia. 12 There are several key aspects of our studies that imparted a higher degree of resolution than some previous studies reporting BMC transdifferentiation into endothelium. First, early studies, even those using fluorescence, did not use confocal microscopy and, as such, may not have adequately resolved single cells, as is necessary to clearly determine whether BMCs expressed endothelial markers. Second, the whole-mount analyses used in our hypoxia model offered several advantages as compared with analysis of tissue sections including: (1) a much larger sample size in terms of BMC numbers; (2) spatial information on the location of Figure 6 . Infrequent apparent colocalization attributable to BMCs within lumen. Rare instances of BMCs initially appearing to overlap with BSI lectin at higher resolution were shown to be distinct from the endothelium and trapped within the capillary, indicating that extensive perfusion is not able to clear every capillary. A, An apparent GFP ϩ endothelial cell. When examined with confocal microscopy at higher magnification (inset), the GFP is localized to the lumen with no endothelial colocalization. B, Another potential endothelial BMC (enlarged in top inset.) A single optical section through mid-capillary (lower inset) shows BSI lectin located at the capillary wall and GFP signal concentrated in the lumen, indicating a trapped cell. A similar absence of GFP ϩ ECs was found when the vasculature was stained with antibodies against CD31 (C) or Tie-2 (D). Background autofluorescence of muscle fibers was higher with anti-Tie-2, but a typical perivascular BMC is shown (inset). Tie-2 GFP donors (E) expressed high levels of GFP throughout the capillary network, but BMT chimeric mice reconstituted with Tie-2 GFP bone marrow (F) showed no GFP ϩ cells, regardless of hypoxia exposure. GFP cells are shown costained with BSI lectin (blue) and ␣-SMA (red) (G) or ␣-SMA only (H). Despite the presence of periarteriolar or perivenular elongated BMCs (arrowheads), these cells did express ␣-SMA. Scale barsϭ100 m.
BMCs within the vascular bed; and (3) more effective perfusion to remove BMCs that are nonadherent or weakly associated with the capillary luminal surface. Third, rigorous assessment of expression of endothelial markers within BMCs by multiple antibodies and bone marrow donors was performed, because studies using transgenic Tie-2 LacZ mice as donors 13 are confounded by the fact that expression of this marker has been shown not to be entirely restricted to ECs. 17 The most compelling evidence for bone marrow-derived endothelium has been found in models that included revascularization of a previously avascular area 7 or in association with severe necrosis. 26 Human studies have shown evidence that intense vascular injury induces progenitor mobilization and BMC transdifferentiation in cases of tumor or organ transplant. 27 These results have led to speculation that the severity of injury is a major determinant of the frequency of eventual transdifferentiation of BMCs into ECs. 15 A critical question is whether the differences in these models versus the current study are simply a function of the magnitude of the investment of inflammatory cells or whether there are key differences in the nature of stimuli associated with necrosis/ severe injury versus systemic hypoxia that are important in inducing progenitors within BMC populations to differentiate into ECs. We believe the latter is more likely, based on observations that we saw no evidence of transdifferentiation of BMCs into ECs despite the presence of very large numbers of BMCs in close proximity to capillaries in our model, including cases where BMC numbers were augmented by GM-CSF administration. These results support the hypothesis that the lack of integration into the vasculature was not attributable to lack of mobilization but to lack of a signal for transdifferentiation. Although femoral artery ligation may induce a hypoxia sufficient to mobilize BMCs into the circulation, 15 an ischemia severe enough to cause necrosis may be necessary to induce endothelial transdifferentiation.
An unexpected, but very intriguing, observation in the present studies was that we detected a large number of cells within the muscle tissue before stimulus. BMCs are generally described as sparse within unperturbed muscle of GFP bone marrow chimeric mice, regardless of whether the studies report BMC transdifferentiation. 12, 28 The differences in BMC frequency seen between previous studies and ours is likely a function of the greater sensitivity and ease in quantifying BMCs in our whole-mount preparation. In any case, these results are of potential major importance in that they suggest that, even in normal tissues, there is a large resident population of BMC derived cells. As such, reports in the literature claiming the existence of local populations of local mesenchymal stem cells may in fact be derived from bone marrow hematopoietic cell lineages and simply reside for prolonged periods of time within tissues, possibly retaining plasticity even in aged animals. 29 On exposure of the chimeric mice to hypoxia, we detected a small increase in the subset of rounded BMCs within the Figure 7 . GM-CSF treatment augments angiogenesis. Density of round BMCs is increased 40% (C) in the spinotrapezius vascular bed of hypoxiaϩGM-CSFtreated mice (A) compared with mice exposed to hypoxia alone (B). GM-CSF treatment during hypoxia was not able to induce formation of bone marrow-derived ECs (D), despite the increase in muscle resident BMCs. Higher magnification of perivascular BMCs is shown (insets). Microvessel density was increased 75% compared with mice exposed to hypoxia alone (E). *Significant difference: PϽ0.01, **Pϭ0.02. Scale barϭ100 m. spinotrapezius muscle. More compelling, we also found that this subset was more likely to be in a perivascular position after hypoxia exposure. Again, this shares similarities with a phenomenon described in arterioles: an accumulation of BMCs around collateral vessels. 30 The 2 major subsets of BMCs known to reside within muscle tissue are macrophages and satellite cells. Satellite cells have a role in producing growth factors aiding muscle regeneration after injury but do not have a known function in vascular growth. Conversely, macrophage density has been correlated with an increase in angiogenesis. 31 The shift in location of round BMCs during hypoxia-mediated angiogenesis is, therefore, of interest, as it suggests that these cells may play an important paracrine role in modulating the angiogenic response to systemic hypoxia. We further showed production of both VEGF and MMP-9 by increased numbers of BMCs during hypoxia, and both factors are capable of supporting angiogenesis through effects on ECs or extracellular matrix, respectively. 24, 25 Macrophages are known to produce a variety of EC growth factors in response to hypoxia. 32 Kinnaird et al demonstrated that injected BMCs assumed a position next to collateral arterioles and released growth factors in a paracrine manner, leading to arteriolar enlargement. 25 Lyden et al demonstrated a crucial role for BMCs in tumor growth, whereby wild-type bone marrow transplant rescued tumor angiogenesis in a mutant mouse. 33 Although this was initially attributed to BMC contribution to the endothelium, it may have been attributable to lack of growth factor production by BMCs during initial stages of tumor vascularization. This hypothesis is supported by more recent studies showing perivascular, but not endothelial, BMCs within growing tumors. 17, 34 Results of the present studies showing that administration of GM-CSF augmented the angiogenic response to systemic hypoxia and increased the frequency of BMCs in close proximity to capillaries provides further support for the hypothesis that BMCs may play a key paracrine role in mediating angiogenesis during hypoxia.
In conclusion, systemic hypoxia is capable of inducing angiogenesis within mouse skeletal muscle, but despite a high density of BMCs within the muscle tissue before hypoxia, we found no evidence that BMCs are a significant source of endothelial or smooth muscle cells within the neovasculature. However, systemic hypoxia was associated with a marked increase in the frequency of BMCs within the microvascular bed, including many rounded cells in close proximity to capillaries. The results of this study suggest a potentially beneficial action of BMCs during systemic hypoxia through a paracrine release of growth factors but not transdifferentiation into endothelial cells. Figure 8 . Expression of VEGF and MMP-9 by BMCs. A, Combination of autofluorescence and VEGF expression by extracellular matrix, muscle fibers, ECs, and nerves made tissue analysis difficult at low magnification. Spinotrapezius muscles are shown with VEGF alone in red (B, D, and F), as well as the same field of view showing GFP (green) and lectin (blue) (C, E, and G). Green/red colocalization is indicated by yellow or orange. BMCs that expressed VEGF (arrowheads) were more frequent in hypoxia-exposed animals (B and D) than normoxia controls (F). VEGF Ϫ BMCs (open arrowheads) and GFP Ϫ cells expressing VEGF (arrows) were also seen. Similarly, more MMP-9 ϩ cells (red) were seen after hypoxia exposure (I) than in control muscles (H) of both donorderived (arrowheads) or host-derived (open arrowheads) origin.
